Recent work has reported that the insulin-like growth factor 2 (IGF2) promotes memory enhancement. Furthermore, impaired insulin or IGF1 functions have been suggested to play a role in the pathogenesis of neurodegeneration and cognitive impairments, hence implicating the insulin/IGF system as an important target for cognitive enhancement and/or the development of novel treatments against cognitive disorders. Here, we tested the effect of intracerebral injections of IGF1, IGF2, or insulin on memory consolidation and persistence in rats. We found that a bilateral injection of insulin into the dorsal hippocampus transiently enhances hippocampal-dependent memory and an injection of IGF1 has no effect. None of the three peptides injected into the amygdala affected memories critically engaging this region. Together with previous data on IGF2, these results indicate that IGF2 produces the most potent and persistent effect as a memory enhancer on hippocampal-dependent memories. We suggest that the memory-enhancing effects of insulin and IGF2 are likely mediated by distinct mechanisms.
The insulin-like growth factors 1 and 2 (IGF1 and IGF2) are polypeptides that have high sequence similarity to insulin. IGFs, together with insulin, their related cell surface receptors, binding proteins, and degrading enzymes are part of a complex system known for its important role in growth and development (Jones and Clemmons 1995) . Recent work, however, has implicated IGFs and insulin in cognitive functions, and a number of studies have suggested their potential effect on cognitive enhancement and as compounds that may ameliorate cognitive disorders and even neurodegeneration (de la Monte 2013). A better understanding of the effects, target brain areas, and mechanisms of IGFs and insulin on cognition may help to develop novel translational approaches for the treatment of cognitive disorders. Notably, both insulin and IGF1 peptides are being tested in clinical trials as treatments for Alzheimer's disease (AD) and autism, respectively (Schiöth et al. 2012; Freiherr et al. 2013; Khwaja et al. 2014) .
Previous work in our laboratory has shown that IGF2 expression is up-regulated following learning under the functional control of the transcription factor CCAAT enhancer binding protein b (C/EBPb), and that its functional role is necessary for inhibitory avoidance (IA) memory consolidation. Moreover, hippocampal injections of recombinant IGF2 significantly enhance IA and contextual fear conditioning (CFC) memory, whereas amygdala injections have no effect (Chen et al. 2011) . Hippocampal injections of IGF2 are also known to enhance the extinction of CFC in mice (Agis-Balboa et al. 2011 ) and systemic injections of IGF2 in mice significantly increase different forms of short-and long-term memory (Stern et al. 2014) .
Studies in rodents showed that an intracerebroventricular injection of insulin immediately after inhibitory avoidance (IA) training leads to memory enhancement 24 h after training (Park et al. 2000; Babri et al. 2007) and that intracerebroventricular or hippocampal injection of insulin enhances spatial working memory and water maze memory (Moosavi et al. 2006; Haj-ali et al. 2009; McNay et al. 2010 ). To our knowledge, there is no report thus far on the role of IGF1 on memory retention and performance; however, beneficial effects of exercise and recovery from brain insult or neurodegeneration have been shown to involve IGF1, possibly acting through neurogenesis (Aberg et al. 2000; Carro et al. 2001 ). Furthermore, a truncated IGF1 peptide was reported to partially rescue Rett syndrome-like phenotypes in MeCP2 knockout mice (Tropea et al. 2009 ).
To determine whether IGFs and insulin are effective cognitive enhancers and/or may efficaciously combat the progression of cognitive impairments, it is important to establish the effects of IGFs and insulin on memory consolidation and persistence. Because memories exist in different forms and critically involve different neural circuitry (Squire and Wixted 2011) , it is important that the effect of cognitive enhancers be established on different types of memory. Brain lesions and stimulations have indicated that the hippocampus is critically involved in cognitive, spatial, contextual, and explicit memories, whereas the amygdala is critical in emotional conditioning (Berman et al. 1978; Phillips and LeDoux 1992) . Learning paradigms such as IA, CFC, or cued fear conditioning (e.g., auditory fear conditioning, AFC) in animal models have been instrumental for establishing the differential roles of the hippocampus or amygdala in the consolidation and storage of different forms of memories, and have provided useful tools for identifying hippocampal and amygdala contributions to distinct memory systems (Berman et al. 1978; Phillips and Ledoux 1992) . While IA and CFC model hippocampal-dependent memories in which amygdala plays a modulatory role, cued (e.g., auditory) fear conditioning is a model for amygdala-dependent memories in which the amygdala exerts a more critical role in consolidation and storage (LeDoux 2000; McIntyre et al. 2003; Kim and Jung 2006) . In this study, we tested the effect of a bilateral injection of IGF1, IGF2, or insulin into the dorsal hippocampus or amygdala on hippocampal-dependent and/or amygdala-dependent memories.
Results
IGF2 injected into the amygdala has no effect on amygdala-dependent memories Because IGF2 is required in the rat hippocampus for IA memory consolidation and dorsal hippocampal injections of IGF2 lead to a significant memory enhancement of contextual memories including IA and CFC, but not of the amygdala-dependent memory AFC (Chen et al. 2011 ), here we tested the effect of a bilateral intrabasolateral amygdala (BLA) injection of IGF2 immediately after AFC on memory retention and persistence in rats. As depicted in Figure 1A , no difference between IGF2 and vehicle-injected rats was found at test given 24 h after training (P ¼ 0.46, Student's t-test). The efficacy of all batches of IGF2 was guaranteed by the manufacturer (R&D) and measured as the activity in a serum-free cell proliferation assay using MCF7 human breast cancer calls according to Karey and Sirbasku (1988) . In addition, we were able to confirm the IGF2 effect on memory, because IGF2 taken from the same batch injected bilaterally into the hippocampus of rats immediately after IA testing (reactivation), given 1 d after training, produced memory enhancement 24 h later (P , 0.0001, Student's t-test; Fig. 1B ). We concluded that IGF2 significantly and persistently enhances hippocampal-dependent memories when injected into the hippocampus, but has no effect on amygdaladependent memories and/or amygdala mechanisms.
Insulin injected into the hippocampus transiently enhances hippocampal-but not amygdala-dependent memories
We next tested the effect of a bilateral injection of insulin into the dorsal hippocampus of rats immediately after IA or within-subject CFC/AFC training. The animals were tested 24 h (Test 1) and 7 d later (Test 2).
In agreement with previous reports (Park et al. 2000; Babri et al. 2007) , we found that a two-way ANOVA followed by a Bonferroni post hoc test revealed a significant effect of insulin, compared with vehicle, in enhancing IA memory at a test given 24 h after IA training (significant treatment effect: F (1,24) ¼ 5.73, P ¼ 0.02; no test effect: F (1,24) ¼ 0.82, P ¼ 0.37; no interaction effect: F (1,24) ¼ 2.56, P ¼ 0.12; post hoc: Veh vs. insulin [Test 1]: P , 0.05). However, when memory was retested 7 d after training, the effect did not persist, indicating that insulin-mediated memory enhancement is transient ( Fig. 2A) .
To exclude an effect of Test 1, groups of rats were bilaterally injected into the hippocampus with either vehicle or insulin immediately after IA training and tested only at 7 d after training. No difference in memory retention was found between the two groups, confirming that insulin has no effect on long-term memory retention (P ¼ 0.76, Student's t-test, Fig. 2B ).
Insulin, bilaterally injected into the dorsal hippocampus immediately after within-subject CFC/AFC conditioning (see Materials and Methods), led to a trend toward an increase in CFC retention 24 h after training, without affecting AFC memory 48 h after training (Fig. 2C) Fig. 2C , right). Pretone freezing of AFC was minimal and similar for both treatment groups at both Test 1 and Test 2, indicating that insulin per se did not change freezing levels.
To exclude an interaction of multiple testing and withinsubject memory-competition effects, we further tested the effect of insulin on independently conducted CFC and AFC.
Rats were trained in CFC with one unsignaled footshock (see Materials and Methods), injected immediately after with vehicle or insulin, and tested 24 h (Test 1) and 7 d (Test 2) later. As shown in Figure 2D , compared with vehicle-injected rats, insulin-injected rats had a significantly enhanced retention at Test 1. However, this enhancement was no longer observed at Test 2, confirming that the insulin-induced memory enhancement is transient (significant treatment effect: Fig. 2E ).
We concluded that insulin produces an enhancement of hippocampal-dependent memories but this enhancement is transient. Furthermore, insulin, like IGF2, has no effect on amygdaladependent memory.
Insulin injected into the amygdala has no effect on hippocampal-or amygdala-dependent memories
We next tested the effect of insulin injected into the BLA on IA or AFC. Groups of rats were trained in either IA or AFC and bilaterally injected immediately after training with vehicle or insulin into the BLA. The effect was tested at 24 h (Test 1) and 7 d (Test 2) after training. As shown in Figure 3A ,B, a trend toward memory Test 2 *** A B Figure 1 . IGF2 injected into the BLA has no effect on AFC memory. Experimental schedule is shown above the figure. (A) AFC memory retention is expressed as the percent freezing + SEM of rats given a bilateral amygdala injection (arrow) of vehicle or IGF2 immediately after AFC training (Tr). Retention was tested at 24 h (Test 1) after training (n ¼ 9). (B) IA memory retention is expressed as the mean latency + SEM (in seconds) of rats given a bilateral hippocampal injection (arrow) of vehicle or IGF2 immediately after testing (Test 1) given 24 h after IA training (Tr 3B ). To exclude that the limited effect was due to a low dosage, we also tested a higher dose of insulin into the BLA: again found no effect, and actually the higher dose blunted any trend toward enhancement of AFC (no treatment effect: Fig. 3C ). With both doses, pretone freezing during AFC testing was minimal and similar in both treatment groups. Hence BLA injections of insulin have no effect on hippocampal-or amygdala-dependent memories.
IGF1 injected into the hippocampus does not affect hippocampal-or amygdala-dependent memories
We have previously found that a bilateral hippocampal injection of IGF1 has no effect on IA memory retention (Chen et al. 2011) .
In this study, we tested the effect of IGF1 on CFC and AFC combined and as separate protocols. The efficacy of the IGF1 used was guaranteed by the manufacturer: The IGF1 activity was measured in a serum-free cell proliferation assay using MCF7 human breast cancer cells (Karey and Sirbasku 1988) . Unfortunately, because to our knowledge no effects of IGF1 have been thus far reported on memory enhancement, we could not use a positive control based on memory tasks.
Groups of rats were trained in the within-subject CFC/AFC paradigm, injected immediately after training into the dorsal hippocampus, and tested 24 h later for CFC memory (CFC Test 1) and 48 h later for AFC memory (AFC Test 1). The animals were then retested in both tasks (Test 2) 6 d after Test 1. No difference in memory retention was found between vehicle-and IGF1-injected rats at either test (CFC, no treatment effect: F (1,24) ¼ 0.52, P ¼ 0.4776; significant test effect: F (1,24) ¼ 8.62, P ¼ 0.01; no interaction effect: Fig. 4A ).
Similar data were obtained when the CFC and AFC were conducted between subjects (Fig. 4B,C ): IGF1 and vehicle-injected rats showed similar memory at both Test 1 (24 h after training) and Test 2 (7 d after training); (CFC, no treatment effect: Fig. 4C ).
We concluded that a bilateral hippocampal injection of IGF1, unlike that of IGF2 or insulin, has no effect on hippocampal-or amygdala-dependent memories.
IGF1 injected into the amygdala has no effect on hippocampal-or amygdala-dependent memories
We finally tested the effect of a bilateral BLA injection of IGF1 on IA or AFC. Groups of rats received a bilateral injection of vehicle or IGF1 into the BLA immediately after IA or AFC training and were tested 24 h (Test 1) and 7 d (Test 2) after training. No difference in memory retention between the groups was found on either IA (no treatment effect: Fig.  5B ). Pre-tone freezing during AFC testing was minimal and similar for both treatment groups. We concluded that IGF1 in the BLA does not affect retention of amygdala-or hippocampal-dependent memories.
Discussion
There is an urgent need for the identification of effective cognitive enhancers, which may help the development of novel treatments for neuropsychiatric disorders involving memory impairments. Our recent findings in rodents that IGF2, injected into the hippocampus or systemically, can significantly and persistently enhance the retention of hippocampal-dependent memories (Chen et al. 2011; Stern et al. 2014 ) led us to investigate and compare the role of IGF2, IGF1, or insulin injected intracerebrally in either the hippocampus or amygdala on hippocampal-and amygdaladependent tasks. Here we report that whereas a single injection of IGF1 has no effects on any of the memories investigated, regardless of the brain region in which it was injected into, insulin leads, as also suggested by previous studies (Park et al. 2000; Babri et al. 2007) , to memory enhancement when injected into the hippocampus. However, we found the effect of insulin to be transient. The transient effect of insulin was seen only when the hippocampus was targeted, whereas an injection into the BLA produced no effect, regardless of multiple doses tested. In contrast, IGF2 emerged as the most potent memory enhancer when injected into the hippocampus and on hippocampal-dependent memories, as a single injection immediately after training led to significant and long-lasting effects (see Chen et al. 2011) . Like insulin, IGF2 had no effect when delivered into the BLA or on amygdaladependent memories. We conclude that IGF2 is the most powerful cognitive enhancer among the three related peptides, and given the distinct temporal effects, we suggest that the memory-enhancing effects of IGF2 and insulin involve distinct mechanisms.
Previous studies have reported that intraventricular or dorsal hippocampal injections of insulin in rats immediately after IA or water maze training, or before water maze retrieval, increase memory retention or retrieval 24 h after training (Park et al. 2000; Moosavi et al. 2006; Babri et al. 2007; Haj-ali et al. 2009 ). However, these studies did not test memory retention at later time-points. Furthermore, the conclusion that insulin had an enhancing effect on memory has been controversial: Different doses of insulin and times of administration in relationship to training, as well as systemic administrations, have produced impairing effects on memory (Clayson 1971; Schwarzberg et al. 1989; Baratti 1996, 1999; Kopf et al. 1998; Moosavi et al. 2006 ). To our knowledge, the only study that reported the effect of insulin on memory persistence was carried out with systemic treatments, and showed memory impairment at 7 and 30 d after training (Kopf and Baratti 1996) . However, in this regard, one should take into account that the negative effect of systemically administered insulin on memory retention might likely be due to metabolic effect of hyperinsulinemia, which was not investigated in these studies. It is possible that the transient effect of insulin we have observed is due to the single injection and that prolonged treatments of brain-delivered insulin may lead to more persistent memory enhancements. In line with this hypothesis, more persistent memory-enhancing effects of insulin, and specifically on memories relying on hippocampal functions such as declarative memories, have been reported in human with prolonged intranasal administrations, whereas nondeclarative memories, such as wordstem priming, were found to be unaffected (Benedict et al. 2008 ). This similarity between the effect on human memories and that on rat hippocampal-dependent, but not on amygdala-dependent, memories is intriguing and suggests that not all types of memories or memory systems are affected by insulin.
Why is insulin-mediated memory enhancement transient, whereas IGF2-mediated memory enhancement is persistent? Addressing this question requires further investigation of their mechanisms of action. We speculate that the effect of insulin on memory may result from metabolic changes occurring in both neurons and astrocytes. This hypothesis is based on the observations that although insulin receptor immunoreactivity has been described to be more abundant on neurons, astrocytes are known to express both insulin receptor B (IR-B) subunits and the proteins of the insulin signaling pathway. Furthermore, applying insulin to astrocytic cultures can increase glucose incorporation into glycogen (Heni et al. 2011) . Finally, in the periphery as well as in the hippocampus, insulin leads to translocation of the neuronal insulin-sensitive glucose transporter type 4 (GLUT4) to the plasma membrane (Grillo et al. 2009 ), which further leads to increased glucose uptake into neurons, thus also implicating a metabolic mechanism of action. In agreement with this metabolic hypothesis, McNay et al. (2010) showed that hippocampal delivery of insulin enhances spatial memory, decreases glucose extracellular levels, and increases lactate levels in the hippocampal extracellular space, indicating an increase in local glycolytic metabolism (McNay et al. 2010 ). Similar to insulin, glucose itself seems to produce a transient memory enhancement (Suzuki et al. 2011) , suggesting that indeed, insulin may enhance memory primarily via glucose metabolism regulation. Concerning the mechanisms of action of IGF2, our previous studies in rats targeting the hippocampus showed that the IGF2-dependent effect on memory requires IGF2 receptors but not IGF1 receptors, and is mediated by Arc and GSK3b (Chen et al. 2011 ). Furthermore, IGF2-mediated memory enhancement correlates with an increase in the concentration of synaptic GluA1 subunits of AMPA receptors (Chen et al. 2011 ). Our studies with systemically administered IGF2 in mice revealed that the subcutaneous injection of IGF2 enhances Arc and Zif268 levels in the hippocampus and leads to a trend toward an increase of Zif268 in the prefrontal cortex, suggesting that IGF2 promotes activity or plasticity on these regions (Stern et al. 2014) . These data further the conclusion that IGF2 affects mainly the hippocampal-cortical systems and acts on plasticity mechanisms. Given that insulin does not bind to IGF2 receptors (Jones and Clemmons 1995) and the different temporal profile of IGF2 and insulin effects, we propose that the memory-enhancing effects mediated by IGF2 and insulin occur through distinct mechanisms. We suggest that while insulin acts mainly through glucose metabolism, the IGF2-mediated memory-enhancing mechanisms target activity or plasticity mechanisms, and perhaps in addition to, as suggested by previous literature, acetylcholine modulation (Napoli et al. 2008; Cline et al. 2012; Kita et al. 2013) , GABA modulation (Amritraj et al. 2010) , and vesicle-and/or receptor trafficking (Alberini and Chen 2012) .
In agreement with our findings of the lack of effects of IGF1 on memory enhancement, there is no report to our knowledge indicating that IGF1 enhances memory in healthy conditions. However, several studies in both humans and rodent models have shown a rescuing effect of IGF1, as well as insulin or IGF2, on cognitive functions in pathological conditions, particularly in mild cognitive impairment or Alzheimer's disease (AD) with insulin (Born et al. 2002; Reger et al. 2006 Reger et al. , 2008 Sims-Robinson et al. 2010) , and on cerebrovascular alterations, aging and AD with IGF1 (Liu et al. 2001 (Liu et al. , 2004 Carro et al. 2002; Craft et al. 2012; Fernandez and Torres-Aleman 2012; Torres Aleman 2012; Johansson et al. 2013; Trueba-Saiz et al. 2013) .
IGF2, like IGF1 and insulin, may also be beneficial in rescuing cognitive impairments in diseases, as it can promote synapse formation and spine maturation in the mouse brain (Schmeisser et al. 2012) , and perhaps through the IGF1receptor (IGF1R), may affect neurogenesis and consequently contribute to hippocampaldependent spatial learning and memory (Bracko et al. 2012; Ouchi et al. 2013) . Like IGF1 and insulin, the expression of IGF2 and IGF2 receptor (IGF2R) have been found altered in the brain AD patients (Kar et al. 2006 ) and IGF2 ameliorates AD-related deficits in an AD mouse model (Mellott et al. 2014) . Figure 4. IGF1 injected into hippocampus has no effect on hippocampal-or amygdala-dependent memories. Experimental schedules are shown above figures. (A) CFC and AFC memory retentions are expressed as the mean percent freezing + SEM of rats given a bilateral hippocampal injection (arrow) of vehicle or IGF1 immediately after within-subject CFC/AFC training (Tr). CFC (left) was tested 24 h (Test 1, CFC) and 7 d (Test 2, CFC) after training. AFC (right) was tested 48 h (Test 1, AFC) and 8 d (Test 2, AFC) after training. Freezing was scored before the onset of the tone (pre-CS) and during the tone presentation (CS) (n ¼ 6 -7). (B) CFC memory retention is expressed as the mean percent freezing + SEM of rats given a bilateral hippocampal injection (arrow) of vehicle or IGF1 immediately after CFC training (Tr). Retention was tested 24 h (Test 1) and 7 d (Test 2) later (n ¼ 6). (C ) AFC memory retention is expressed as the mean perecent freezing + SEM of rats given a bilateral hippocampal injection (arrow) of vehicle or IGF1 immediately after AFC training (Tr). Retention was tested 24 h (Test 1) and 7 d (Test 2) later. Freezing was scored before the onset of the tone (pre-CS) and during the tone presentation (CS) (n ¼ 5 -6). We conclude that IGF2 has the strongest effect among the IGFs/insulin peptides in promoting enhancement and persistence of memories relying on hippocampal-cortical networks. Thus, IGF2 represents an important potential target for developing cognitive enhancers in normal or pathological conditions.
Materials and Methods

Animals
Adult male Long-Evans rats weighing between 200 and 250 g at the beginning of the experiment were used. Animals were individually housed and maintained on a 12-h light-dark cycle. Experiments were performed during the light cycle. All rats were allowed ad libitum access to food and water and were handled for 3 min/d for 5 d prior to any experimental manipulations. All protocols complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the New York University and the Mount Sinai School of Medicine Animal Welfare Committees.
Cannulae implants
Hippocampal and amygdala injections were conducted as described previously (Taubenfeld et al. 2001; Tronel and Alberini 2007) . Rats were anesthetized with ketamine (65 mg/kg, i.p.) and xylazine (7.5 mg/kg, i.p.), and stainless steel guide cannulae (22-gauge for hippocampus, 28-gauge for basolateral amygdala) were stereotactically implanted to bilaterally target either the hippocampus (4.0 mm posterior to the bregma; 2.6 mm lateral from midline; and 2.0 mm ventral from the skull surface) or BLA (2.8 mm posterior to bregma; 5.3 mm lateral from midline; and 6.25 mm ventral from the skull surface). The rats were returned to their home cages and allowed to recover from surgery for 7 d before behavioral experiments. Immediately after training, rats received bilateral injections of compounds as specified. All injections are indicated in the figures by an arrow in the experimental schedule. Hippocampal injections were delivered in a volume of 1 mL per side and used a 28-gauge needle that extended 1.5 mm beyond the tip of the guide cannula. BLA injections were delivered in a volume of 0.5 mL per side and used a 33-gauge needle that extended 1.5 mm beyond the top of the guide cannula. Guide cannulae were connected via polyethylene tubing to Hamilton syringes. All infusions were delivered at a rate of 0.333 mL/min using an infusion pump. The injection needle was left in place for 2 min after the injection to allow complete dispersion of the solution.
To verify proper placement of cannula implants, at the end of the behavioral experiments, rats were perfused with 4% paraformaldehyde in PBS and brains were postfixed in the same solution. Forty micrometer coronal sections were cut through the relevant brain region and examined under a light microscope. Figure 6 shows the representative areas targeted by the stereotactic injections performed in this study. Animals with incorrect cannula placement were discarded from the study. None of the animals injected into the hippocampus were excluded; 4% of the animals injected into the amygdala were excluded for incorrect cannula placement.
Inhibitory avoidance (IA)
Inhibitory avoidance was carried out as previously described (Taubenfeld et al. 2001) . The IA chamber (Med Associates. Inc.) consisted of a rectangular Perspex box divided into a safe compartment and a shock compartment. The safe compartment was white and illuminated by a light fixture fastened to the cage lid. The shock compartment was dark and made of black Perspex. Footshocks were delivered to the grid floor of the shock chamber via a constant current scrambler circuit. The two compartments were separated by an automatically operated sliding door. The apparatus was located in a sound-attenuated, nonilluminated room. During training sessions, each rat was placed in the safe compartment facing away from the door. After 10 sec, the door separating the compartments was automatically opened, allowing the rat access to the shock compartment. The door closed 1 sec after the rat entered the shock compartment, and a 2-sec 0.6-mA footshock was delivered. Latency to enter the shock compartment was taken in seconds as a measure of acquisition. The rat was then returned to its home cage and tested for memory retention at the designated time-point(s). Retention tests were performed by placing the rat back in the safe compartment and measuring its latency to enter the shock compartment. Footshocks were not administered on the retention tests, and testing was terminated at 900 sec. Training and testing procedures were performed blind to treatments.
Contextual and auditory fear conditioning (CFC and AFC)
Rats were conditioned in a fear-conditioning chamber, which consisted of a rectangular Plexiglass box (30.5 × 24.1 × 21.0 cm) with a metal grid floor (Model ENV-008, Med Associates). The withinsubjects CFC/AFC protocol was carried out as described previously (Chen et al. 2011 ): All rats were preexposed to this chamber for 5 min. The next day, rats were placed in the CFC chamber for 120 sec and then presented with 30 sec of the auditory cue consisting of a 5-kHz 75-dB tone that coterminated with a 0.6-mA 2-sec footshock. One hundred twenty seconds after the first footshock, another 30-sec auditory cue was presented that also coterminated with another 0.6-mA 2-sec footshock. Rats were returned to their home cage 120 sec after the second footshock. At the designated time-point (e.g., 24 h after training), rats were placed back in the CFC chamber and their freezing levels were recorded for 5 min and scored. Twenty-four hours after the CFC test, rats were placed in a different context (the illuminated IA box) for 120 sec before being presented with three 30-sec auditory cues. The three 30-sec auditory cues were separated by 120 sec.
In some experiments, CFC and AFC were performed in independent groups of rats (between-subjects). In these cases, for CFC training, rats were placed in the chamber for 120 sec and then presented with an unsignaled 0.6-mA footshock for 2 sec. One minute later, rats were removed. Testing occurred at designated time-points in the same chamber, wherein the rat was placed for 3 min. For AFC training, rats were placed in the chamber for 120 sec and then presented with 30 sec of the auditory cue consisting of a 5-kHz 75-dB tone that coterminated with a 0.6-mA 2-sec footshock. Rats were returned to their home cage 1 min after the footshock. Testing occurred at designated time-points by placing rats into a distinct context (the illuminated IA box) for 120 sec before being presented with three 30-sec tones separated by 120 sec. Testing ended 60 sec after the last tone presentation. No footshock was delivered during testing. All experiments were video recorded, and freezing, defined as lack of movement except for breathing, was scored by an experimenter blind to the treatment conditions. For the AFC experiments, freezing was averaged over the three tone presentations.
Drug injections
Recombinant mouse IGF1 and IGF2 were purchased from R&D, dissolved in 0.1% bovine serum albumin (BSA) in 1× PBS, and injected at a dose of 0.25 mg/injection per side (Chen et al. 2011) . Recombinant human insulin was purchased from Sigma Aldrich, dissolved in 1× saline, and injected at a dose of 2 mU or 8 mU/injection per side. At the lower dose (2 mU/mL), insulin had been shown to enhance memory when injected into the hippocampus (Babri et al. 2007) . All experiments were repeated multiple times with independent groups of animals and independent batches of IGF1, IGF2, and insulin.
Statistical analyses
Two-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test, or Student's t-test was used for statistical analyses.
